A vertically-coupled liquid-crystal long-range plasmonic optical switch 
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An optical switch based on liquid-crystal tunable long-range metal stripe waveguides is proposed 
and theoretically investigated. A nematic liquid crystal layer placed between a vertical configuration 
consisting of two gold stripes is shown to allow for the extensive electro-optic tuning of the coupler's 
waveguiding characteristics. Rigorous liquid-crystal switching studies are coupled with the investi- 
gation of the optical properties of the proposed plasmonic structure, taking into account different 
excitation conditions and the impact of LC-scattering losses. A directional coupler optical switch is 
demonstrated, which combines low power consumption, low cross-talk, short coupling lengths, along 
with sufficiently reduced insertion losses. 



Intense scientific research effort has being recently 
directed towards the field of guided- wave plasmonics, 
which is concerned with the manipulation and routing of 
strongly localized surface plasmon polaritons (SPPs), i.e., 
light waves coupled to oscillations of a metal's free elec- 
trons that propagate along metal/dielectric interfaces [1[. 
Various plasmonic structures have been thus far proposed 
as the essential elements of an integrated photonics plat- 
form for broadband light routing and optical signal pro- 
cessing. Among these, long-range (LR) waveguides, com- 
posed of thin metal stripes, have been shown to offer low 
propagation losses, mode matching to single-mode fibers, 
planar processing fabrication and the capability of con- 
trolling the optical signal by direct addressing the metal 
waveguides [2j. Such capability allowed for the demon- 
stration of numerous tunable devices indispensable in real 
optical signal processing architectures, such as modula- 
tors and switches, which are based on the thermo-optic 
control of the background polymer via current injection 
through the metal waveguide [3j] , Q , [B| . 

Apart from the exploitation of the thermo-optic ef- 
fect, a traditional alternative route aiming at dynami- 
cally tunable photonic devices involves the electro-optic 
control of nematic liquid crystals (NLCs), inherently 
anisotropic materials whose properties are highly respon- 
sive to the application of external fields. Already estab- 
lished in the design and fabrication of dielectric-based 
photonic guided- wave components [6|, NLCs are further- 
more currently being explored as a tuning mechanism of 
the properties of plasmonic structures [7|. Functional 
LC-based plasmonic components, such as variable at- 
tenuators, phase-shifters and switches have already been 
theoretically demonstrated in a variety of waveguide plat- 
forms [8[, [9[, [10]. Based on capacitive operation, LC- 
plasmonic devices are not only free from current injec- 
tion issues, such as electromigration or thermal diffu- 
sion crosstalk, but, more importantly, they allow for ex- 
tremely low-power consumption, several orders of mag- 
nitude lower than their thermo-optic counterparts (IH - 

In this work we propose a LC-tunable LR-SPP opti- 
cal switch, based on the vertical-coupling configuration 
shown in the schematic layout of Figure [TJ Such struc- 



tures provide a route towards the development of three- 
dimensional multilayered architectures for photonic in- 
tegrated circuits and printed circuit boards that offer 
more compact interaction lengths than purely co-planar 
configurations [l2|, (T^. Two identical gold stripes are 
embedded in a polymer background medium, benzo- 
cyclobutene (BCB), and they are separated by a LC cell 
infiltrated with the known nematic mixture E7. The 
structure is fabricated on a low-index substrate that does 
not affect its optical properties, in this case silica glass. 
The design parameters here selected involve materials 
typical of experimentally demonstrated LR-SPP devices 
and allow for the demostration of the salient features of 
the proposed switch. In principle, the only requirement is 
to meet the condition n Q < n p < n e , where n G , n e are the 
ordinary and extraordinary LC indices and n p the poly- 
mer refractive index, for reasons that will be made clear. 
Geometrical parameters, as defined in FigureQJa), are se t 
to /i su b = 15 }im, h\ ni f = 7 um, h^c = 3 }im, w = 5 urn, 
and t = 15 nm. A voltage difference Vlc is applied via 
the set of two gold stripe waveguides. The LC material is 
characterized by ordinary and extraordinary relative per- 
mittivities s = 5.3 and e e = 18.6, and elastic constants 
^22, K33 equal to 10.3, 7.4, and 16.48 pN, respec- 
tively [HI- Relative permittivities of BCB and Si02 are 
equal to 2.65 [15] and 3.91, respectively. Material disper- 




(a) (b) 

FIG. 1: (a) Cross-section and (b) perspective view of the pro- 
posed vertical liquid-crystal plasmonic switch and definition 
of material and structural parameters. 
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FIG. 2: (a) Tilt angle profile and (b) y-component of the 
electrostatic field for an applied voltage Vlc = 20.58 V, which 
provides a coupling length Lc = 2.348 mm at 1.55 um. 



sion is provided via the Cauchy model for BCB [15] and 
E7 [HI, the Sellmeier model for Si02 [17], and interpo- 
lated experimental data for Au [18]. Their corresponding 
values at Ao = 1.55 um are necB = 1.535, n Q = 1.5024, 
n e = 1.697, n S io 2 = 1-444, and n Au = 0.5 - jll.5. 

The operation of the switch relies on the electro-optic 
control of the LC molecular orientation. When no ex- 
ternal voltage is applied, the LC molecules are aligned 
along the z-axis. Strong anchoring conditions are im- 
posed at the polymer/LC interfaces via, for instance, 
rubbed alignment layers. In this state, the TM-polarized 
light supported by the long-range mode of the Au stripes 
senses a low-index LC layer, since n Q < n p . Thus, light 
coupling between the two plasmonic waveguides is in- 
hibited and the switch unconditionally operates in the 
BAR state, i.e., light propagates along and finally exits 
from the same waveguide it was excited. The application 
of Vlc induces the switching of the LC molecules, pri- 
marily in the region between the two electrodes, where 
the electrostatic field is stronger, thus forming a high- 
tilt zone. For the current choice of materials, there 
exists a voltage threshold for which the effective index 
sensed by TM light, the only polarization supported by 
the metal stripes, exceeds n p . Under such a condition, 
a voltage-induced LC-dielectric waveguide is formed in- 
between the two metal stripes, as schematically depicted 
in Figure Ufa). The configuration of the three single- 
mode waveguides, two plasmonic and the LC-dielectric 
one, is known to support two symmetric and one anti- 
symmetric supermodes whose effective indices n e fr,i are 
a function of the applied voltage. When the matching 
condition n e ff,i — n e ^ y s = n e ff,3 — n e ^ y 2 is satisfied, n e ^ y s 
being the index of the anti-symmetric supermode, com- 
plete light transfer can be achieved to the CROSS state 
after a propagation distance equal to the coupling length 
L c = 0.5A/An e ff, where An e ff = n e ff,i - n e ff,3, by prop- 
erly exciting with a 1 : 1 : 2 linear combination of the 
three supermodes [l9j]. 

Based on this principle, we investigate into the per- 
formance of the proposed plasmonic switch, by consid- 
ering two case-scenarios in terms of the structure exci- 
tation, namely launching the LR-SPP mode supported 
by the single Au stripe in the presence of a non-switched 
(Vlc = 0) LC-layer, and the one supported by the single 
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FIG. 3: Electric field profiles |E| for the three supermodes 
supported by the coupler at Vlc = 20.58 V, which satisfies at 
1.55 um the phase-matching condition among their indices: 

™eff,l — ™eff,3 = ™eff,3 ~ ^eff,2- 



Au stripe fully embedded in BCB, which reflects the re- 
alistic experimental and fabrication conditions, as shown 
in Figure DJb). The LC orientation profile is calculated 
by minimizing the total energy of the system, taking 
into account the coupling between the underlying elec- 
trostatic and the elastic problems, as explained in detail 
in [9|. This analysis provides the tilt and twist angles, 
which describe the deviation of the local nematic orien- 
tation from the x — z plane and z— axis, respectively, and 
determine the exact form of the optical dielectric ten- 
sor. These are fed into a fully-anisotropic finite-element 
eigensolver [20| , which yields the modal indices and field 
distributions of the supported supermodes with respect 
to the applied voltage Vlc and operation wavelength Ao- 
Subsequently, the switch is excited at the bottom Au 
stripe by the equivalent single-waveguide LC- or BCB- 
superstratum LRSPP modes. The input excitation (e^) 
is projected onto the set of the voltage-dependent eigen- 
modes (e m ) and is expanded to this vector-basis. This 
allows for the calculation of the output field distribution 
(e ) at any propagation length according to the super- 
position of the analytically propagated eigenmodes 

e a (x,y,z) = ^7 m e m (x,?/)exp(-jn eff(m) A:o^), (1) 

m 

where each eigenmode m is excited with a relative weight 
given by the complex- valued vector overlap integral |2ll | 



■/L„ e < xh £»- gdg 



(2) 



Power transfer along the device for a given input is 
monitored by the output-port crosstalk XT, defined as 
the ratio of the guided-power XT = 10 log(P|| / Px), where 
P|| , Px is the power percentage projected to the output 
bar and cross- modes, respectively. Radiation modes are 
also included in the eigenmode-expansion analysis given 
that the input fields are not in general linear superpo- 
sitions of the guided supermodes only. Nevertheless, it 
has been numerically verified that these act only as an 
insertion-loss mechanism, providing negligible coupling 
to the reference cross and bar-modes. 

Figure [2] shows the tilt angle profile and the 
y— component of the electrostatic field, for an applied 
voltage Vlc = 20.58 V. The maximum tilt value is ca. 
30°, which translates into an TM-effective index of 1.553 
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FIG. 4: Crosstalk evolution along propagation, when the cou- 
pler is excited by the LC- and BCB-reference LRSPP modes, 
at 1.55 um, where Lc = 2.348 mm. The ideal lossless case 
is also included for comparison. Inset shows modal power 
profiles at the input, output of the coupler and after a prop- 
agation distance z = 0.5Lc- 
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FIG. 5: Spectral response of the proposed LC-LRSPP switch 
in the 1.3 and 1.55 um telecom windows. The bandwidth 
providing crosstalk values better than —15 dB is equal to 13 
and 33 nm, respectively. The LC voltage and coupler length 
for each window are fixed to those for optimized performance 
at the central Ao- 



at 1.55 um. Twist values were found lower than 1°, ow- 
ing to the symmetry of the structure. Given the lower 
permittivity of BCB, the electrostatic field is stronger 
in the polymer than in the LC region, as demonstrated 
in Figure Efb). This particular voltage value was found 
to satisfy the phase-matching condition among the three 
supermodes at the target wavelength of 1.55 um, whose 
electric field profile is shown in Figure [3] The corre- 
sponding coupling length of the device is found equal to 
L c = 2.348 mm. 

Figure [H shows the crosstalk variation along propaga- 
tion for the two excitation scenarios, namely BCB- and 
LC-input, at Ao = 1.55 um. In order to help comparison, 
the dashed line is also included, which corresponds to 
the LC-input case, where Au losses have been intention- 
ally omitted. In that case, XT(z) is symmetric around 
Lc obtaining extremely low values, below —50 dB, at 
z = Lc- The inclusion of Au losses induces a slight de- 
tuning in the phase-matching condition, typical in lossy 
photonics directional couplers, which manifests as the 
small bump in crosstalk around Lc [22[. In the BCB- 
input scenario, power transfer is further detuned, as the 
input field does not project symmetrically onto the three 
guided supermodes, leading to a small amount of resid- 
ual optical power at the exit of the coupler, mainly in the 
LC layer, as demonstrated in the inset of Figure 2J Nev- 
ertheless, under such realistic conditions crosstalk values 
better than —20 dB are obtained at z = Lc- The in- 
sertion losses of the device, owing to propagation and 
mode-mismatch coupling losses were calculated equal to 
1.45/0.55 dB (CROSS) and 1.62/0.82 dB (BAR) for the 
BCB- and LC-input case, respectively. 



The investigation into the coupler's performance is 
next extended to the 1.3 um telecom wavelength. The 
corresponding analysis yielded an optimal switching volt- 
age equal to Vlc°° = 20-248 V, a coupling length 
Lq 300 = 4.02 mm, and insertion losses equal to 2.62/2.5 
dB (CROSS) and 3.45/3.35 dB (BAR) and for the two in- 
put scenarios. Furthermore, the broadband performance 
of the coupler is also investigated in 100— nm windows 
centered at the two target Ao, taking into account the 
material dispersion of all materials involved, with results 
presented in Figure [5l Setting a target crosstalk value of 
— 15 dB, the bandwidth of the device is found equal to 33 
and 13 nm at 1.55 and 1.3 um, respectively. The crosstalk 
has been calculated at a propagation distance equal at 
the coupling lengths of the two central Ao- Owing to 
higher field confinement at lower wavelengths, minimum 
crosstalk values are almost identical for both excitations 
in the 1.3 um window, with a value lower than —20 dB 
at Ao- 

The analysis thus far neglected the scattering losses 
of the LC-dielectric waveguide that, in general, depend 
on the nematic material used, the geometry and the an- 
choring conditions. Propagation losses in LC-waveguides 
similar to the one here proposed have been measured typ- 
ically in the range between few [23|, |24[ to tens of dB / cm 
pj| . In order to estimate the impact of LC-induced losses 
in the performance of the switch, we simulated the sin- 
gle LC-waveguide at Vlc by correspondingly adding an 
imaginary part to the LC indices and by tuning its value 
so that propagation losses of the waveguide are equal to 
5,20, and 50 dB/cm. Using these values, we repeated 
the analysis for the target wavelength of 1.55 um, focus- 
ing on the realistic BCB-input scenario. Corresponding 
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FIG. 6: Impact of LC- waveguide losses on the switch perfor- 
mance, in terms of crosstalk and insertion lossed. 

results are summarized in Figure [6j where the reference 
case of zero LC-losses is also included. Interestingly, for 
LC-waveguide losses of 5 dB/cm [23|, [HI the coupler's 
performance is improved compared to the zero loss case, 
with very low crosstalk values at a propagation distance 
equal to Lc- This can be explained by examining the 
related output field profile shown in the inset of Figure 
[31 where it is shown that the residual optical power lies 
mainly in the LC-layer. Thus, this level of losses, which is 



comparable to that of the single reference LR-SPP BCB- 
input mode (2.45 dB/cm), is shown capable of improving 
the coupling crosstalk by removing the parasitic residual 
power in the LC layer. No significant overall phase de- 
tuning is observed in this case. As LC-waveguide losses 
obtain higher values, power coupling is hindered by fur- 
ther detuning, the crosstalk, however, remains close to 
—20 dB, even for losses up to 20 dB/cm. Not unexpect- 
edly, the introduction of LC-losses also raises the over- 
all insertion losses of the device in the CROSS state, as 
shown in the inset of Figure [6] 

In brief, we have presented the design and rigorous 
analysis of a novel long-range plasmonic switch, which 
shows both low crosstalk and insertion losses under re- 
alistic conditions of operation. Switching speed is ex- 
pected in the ms-range, typical of nematic materials, 
which is sufficient for light reconfiguration and routing 
applications. As in other LC-based photonic compo- 
nents, power consumption of the device can be estimated 
as P ^ CfV^ c , where C is the device capacitance and 
/ = 1 -T- 10 KHz the LC-switching frequency, yielding a 
value in the deep sub-uW regime. Such components are 
envisaged as low-power tunable light routing elements in 
integrated photonic architectures for optical inter-chip 
interconnects. 
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